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This paper investigated the long-term in vitro degradation properties of scaffolds based on biodegradable polymers
and osteoconductive bioceramic/polymer composite materials for the application of bone tissue engineering. The three-
dimensional porous scaffolds were fabricated using emulsion-freezing/freeze-drying technique using poly(hydroxybutyrate-co-
hydroxyvalerate) (PHBV) which is a natural biodegradable and biocompatible polymer. Nanosized hydroxyapatite (nHA) particles
were successfully incorporated into the PHBV scaffolds to render the scaffolds osteoconductive. The PHBV and nHA/PHBV
scaffolds were systematically evaluated using various techniques in terms ofmechanical strength, porosity, porousmorphology, and
in vitro degradation. PHBV and nHA/PHBV scaffolds degraded over time in phosphate-buffered saline at 37◦C. PHBV polymer
scaffolds exhibited slow molecular weight loss and weight loss in the in vitro physiological environment. Accelerated weight loss
was observed in nHA incorporated PHBV composite scaffolds. An increasing trend of crystallinity was observed during the initial
period of degradation time. The compressive properties decreased more than 40% after 5-month in vitro degradation. Together
with interconnected pores, high porosity, suitable mechanical properties, and slow degradation profile obtained from long-term
degradation studies, the PHBV scaffolds and osteoconductive nHA/PHBV composite scaffolds showed promises for bone tissue
engineering application.
1. Introduction
Polymer-based composite scaffolds seem to have great poten-
tial in bone tissue-engineering. By selecting proper materials
and fabrication technologies, good-quality scaffolds with
consistent properties can be possible to fabricate [1]. There
are some basic requirements that have been widely accepted
for designing polymer scaffolds which can significantly affect
the cell seeding and growth both in vitro and in vivo [2,
3]. The scaffolding materials should be biocompatible and
biodegradable; the degradation products should be nontoxic
and easily excreted by metabolic pathways. One of the key
requirements is that the ideal scaffolding materials should be
easy to fabricate into a desired shape, and they should have
a controlled porous architecture to allow for cell infiltration,
attachment, growth, tissue regeneration, and vascularization.
The scaffolds should be mechanically strong to maintain
their structural integrity during culture, and the ultimate
mechanical properties of polymers at large deformations are
important in selecting particular polymers for biomedical
application.
Various biomaterials including biodegradable poly-
mers, bioceramics, and biocomposites have been fabricated
into scaffolds for the application of tissue regeneration.
Poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and their
copolymers poly(lactic acid-co-glycolic acid) (PLGA) are
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the most frequently used materials which already have
been fabricated into scaffolds for cell transplantation and
tissue-engineering [4, 5]. One of the materials of inter-
est in tissue-engineering application is poly(hydroxybutyr-
ate) (PHB) and its copolymer poly(hydroxybutyrate-co-
hydroxyvalerate) (PHBV) which can be derived by microor-
ganisms via fermentation [6]. These polymers are composed
of hydroxybutyrate (HB) units with between 0 and 24% of
hydroxyvalerate (HV) units appearing randomly throughout
the polymer chain [7]. The chemical structure of PHBV is
given by
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This polymer is degradable and piezoelectric (and thusmight
promote bone growth in vivo) and possesses extremely good
biocompatibility [6, 8]. Together with highly biocompatibil-
ity, the copolymer PHBV has degradation times much longer
than the other biocompatible polymers which will allow the
scaffolds to maintain its mechanical integrity, until there
is sufficient bone growth throughout the implant. PHBV
copolymers have been found as minimal inflammatory in
long-term studies of subcutaneous implants in mice and
rats [9]. By considering these properties, PHBV copolymers
may be a suitable candidate to support long-term bone
regeneration [10]. The degradation products of PHB and
PHBV polymers are the normal constituent of human blood,
and hence they exert less inflammatory response to human
body than other polymers [6, 11].
The uses of poly(hydroxyalkanoates) (PHA) could be
extended considerably if a wider range of degradation
profiles was available. The bone growth and healing can
be stimulated theoretically as the polymer slowly degrades,
by avoiding replacement operation. PHBV copolymers are
also hydrolyzed in water with the normal universal acid-base
catalysis for esters. At high pH, the rate of degradation is
quite rapid, but the hydrolysis proceeds very slowly in neutral
buffer at body temperature. Moreover, the experiments
suggested that the rate of degradation of PHBV in vivo is
significantly faster than the in vitro hydrolysis rate at the same
temperature and pH [12]. Actually the nonspecific esterase
and lysozyme enzymes secreted by the body’s immune
system catalyze the process. The variation of degradation rate
of PHBV in vivo with the activity of the body’s immune
system thus is useful to explain some of the discrepancies
in the literature of PHBV biodegradation. The range of
biodeterioration of implanted films can be varied from very
rapid to a modest but measurable resorption to virtually
undetectable weight loss of fiber monofilament over an 18-
months period. It was also reported that PHBV and that
cell/PHBV constructs have the ability to produce neocarti-
lage in a heterotopic site although the degradation rates of
PHBV in different environments need more investigation
[13].
It was reported that the in vivo and in vitro degradation
of aliphatic polyesters was catalyzed by carboxyl end groups
formed by chain cleavage, and the amorphous regions
are preferentially degraded [14]. In general, the hydrolytic
degradation of semicrystalline high molecular weight PLLA
proceeds through random bulk hydrolysis in two distinct
stages. The first stage is characterized by the preferential
attack of the ester linkages in the more accessible amorphous
regions, while the second stage is characterized by the
attack of the less accessible crystalline regions [15]. It was
reported that the cleavage of an ester bond of PLGA polymers
yielded a carboxyl end group and a hydroxyl one, and
thus formed carboxyl end groups were able to catalyze the
hydrolysis of other ester bonds [14]. This phenomenon is
called autocatalysis. Autocatalysis rate equation is applicable
when the extent of reaction is slow or before the specimen
experiences significant weight loss.
On the other hand, hydroxyapatite (HA) possesses
osteoconductivity and is similar to the mineral component
of natural bone. HA has been studied comprehensively. It
is now widely used for bone tissue repair. Biodegradable
composite scaffolds containing osteoconductive HA particles
and biodegradable polymers are being explored [16, 17]. It
was reported that by, incorporating nanosized HA particles
in polymer scaffolds, the scaffolds should attain osteocon-
ductive properties [18, 19]. These scaffolds will be promising
in bone tissue-engineering application.
In this paper, firstly, the study of fabrication and
evaluation of PHBV and HA/PHBV composite scaffolds was
reported. Then the results of in vitro degradation of pure
PHBV scaffold, and HA-incorporated PHBV scaffolds were
discussed from the materials perspective. However, report on
long-term degradation of PHBV scaffolds is rarely available.
This paper reports and compares the long-term systematic
investigations of hydrolytic degradation characteristics of the
scaffolds produced by PHBV polymers and osteoconductive
nHA/PHBV composites. By undertaking long-term investi-
gations, important information had been achieved in the
understanding of the hydrolytic degradation characteristics
of the scaffolds, particularly the slow degradationmechanism
of PHBV scaffolds, and degradation induced morphological
and mechanical changes of HA/PHBV composite scaffolds
for the application of bone tissue-engineering.
2. Materials of Methods
2.1. Materials. Poly(hydroxybutyrate-co-hydroxyvalerate)
(PHBV) as powder form was purchased from Tianan
Biologic Material Ltd., Ningbo, China. PHBV with 2.9% of
3-hydroxyvalerate content had the molecular weight 310,000
and purity 98.8%. These polymers were used without
further purification. All the chemicals such as chloroform,
acetic acid, and salts were analytical grade and were used
as received. Water was ultra pure grade (<18mΩ) supplied
from a Mili-Q purification system. The HA nanoparticles
used for composite scaffolds were produced in-house
through a nanoemulsion process [20].
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2.2. Fabrication and Characterization of Scaffolds. PHBV
tissue-engineering scaffolds were fabricated using the emul-
sion freezing/freeze-drying technique described elsewhere
[17, 18]. Briefly, PHBV was weighed accurately into a
centrifuge tube, and then an accurately measured amount
of chloroform was added to the tube to make a solution
with a desired concentration of 2.5%–12.5% (w/v). To obtain
a homogeneous polymer solution, the mixture was kept at
50◦C in a water bath for five minutes and mixed thoroughly
using a minishaker. The process was repeated for several
times. After obtaining homogeneous solution, water phase
was added. Homogenization at a fixed speed was performed
in a homogenizer (Ultra-Turrax, T-25; IKA-WERKE). In
order to fabricate scaffolds, 5mL of PHBV emulsion was
put into a glass vial (prewarmed to 50◦C). The glass vial
containing the mixture was then rapidly transferred into a
freezer at a preset temperature (at −35◦C) to solidify the
emulsion. The solidified emulsion was maintained at that
temperature for overnight. The frozen emulsion was then
transferred into a freeze-drying vessel (LABCONCO-Freeze
dry system, USA) at a preset temperature of −10◦C. The
samples were freeze-dried for at least 46 hrs to remove the
solvent and water phase completely. The prepared scaffolds
were placed in a vacuum desiccator at room temperature
for storage and further removal of any residual solvent until
characterization. The fabrication procedure of nHA/PHBV
scaffolds was similar as PHBV scaffolds. In order to fabricate
10% HA-incorporated PHBV scaffold, 10% HA (w/w)
relative to the total amount of polymer was dispersed in
the polymer emulsion (0.1 gHA in 1 g PHBV) using the
homogenizer. The other steps are similar as described above.
Using a scanning electron microscopy (SEM; Stereoscan
440, UK) at 12 kV, the pore structure and morphology of
scaffolds were studied. The specimens were cut with a sharp
razor blade after being frozen at −35◦C for one day. Then
they were coated with gold using a sputter coater (BAL-Tec,
SCD 005; Sputter Coater). The coating time was 200 sec. Pore
sizes and pore size distributions were determined using SEM
micrographs of scaffolds. At least 40 pores were measured
from SEM micrographs, and the average pore size was
calculated. HA nanoparticles were also coated with gold. By
using a field emission-scanning electron microscope (FE-
SEM, LEO 1530, Germany), the morphology of dried nHA
was examined. Energy-dispersive X-ray spectrometry (EDX,
INCA 300, UK) was performed in order to determine the
presence and distribution of HA nanoparticles in composite
scaffolds.
Using a differential scanning calorimetry (DSC, Pyris
6, Perkin-Elmer, USA), the thermal properties of scaffolds
were investigated. The degree of crystallinity, Xc, of scaffold
samples was calculated with the use of DSC-melting curves
of scaffolds. For composite scaffolds containing nHA, crys-
tallinity is calculated using the equation given below [21]:
Xc(%) = ΔHm/ϕPHBV
ΔHm 100%
× 100%, (1)
where ΔHm and ΔHm 100% are the calculated enthalpy of
polymer scaffolds and the theoretical enthalpy of melting
for 100% crystalline PHBV polymer (114 J/g). The weight
fraction of PHBV in the composite scaffolds is denoted
by ϕPHBV. The skeletal density and the porosity of the
scaffolds were measured according to liquid displacement
method [22]. A scaffold sample of weight W was immersed
in a graduated cylinder containing a known volume (V1)
of ethanol for 5min. Then a series of brief evacuation-
repressurization cycles with the aid of a vacuum oven (DZF
6020, China) was conducted to force the ethanol into the
pores of the foam until no air bubbles were observed
emerging from the foam. The total volume of ethanol
and the ethanol-impregnated foam was then recorded as
V2. The ethanol-impregnated foam was removed from the
cylinder, and the residual ethanol volume was recorded as
V3. The volume difference, (V2 −V1), was the volume of the
polymeric foam, and the quantity (V1 − V3) was the volume
of the ethanol held in the foam regarded as the void volume
of the foam.
Thus the total volume of the scaffold is
V = V2 −V3. (2)
Density of the foam is
d = w
V2 −V3 . (3)
Porosity is
ε = (V1 −V3)
(V2 −V3) . (4)
Compressive mechanical properties of PHBV and PHBV-
based scaffolds were determined at room temperature using
an Instron mechanical tester (Instron 5848, USA) with a
100N load cell and at a crosshead speed of 0.5mm/min. The
compressive modulus was calculated from the initial linear
region of stress-strain curves.
2.3. In Vitro Degradation Study
2.3.1. Experimental Setup. In order to study the aqueous
degradation of PHBV and 10wt% nHA/PHBV scaffolds,
selected samples fabricated from 10% (w/v) polymer solu-
tion were cut to the correct height (1.5mm) and diameter
(10mm) with a sharp razor blade and weighed. Phosphate-
buffered saline (PBS) was prepared by dissolving tablets of
PBS (supplied by Zymed laboratories USA) with distilled
water. The specimens were placed in sealable vials in 10mL
of PBS solution (pH 7.4). The samples were pressed under
PBS by applying vacuum. Air trapped in pores was removed
by venting with the aid of a vacuum oven. PBS solution
was replaced with new solution each week. At regular
intervals, samples from buffer were removed, extensively
rinsed with distilled water and dried under vacuum at 37◦C
and weighed. The experiment was performed for a period of
11 months and according to ASTM F 1635-04a standard test
method [23]. The test method is intended to help assess the
biodegradation rates (i.e., the mass loss rate) and changes in
material or structural properties.
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2.3.2. Property Assessment
(1) Molecular Weight. Molecular weight was measured using
a Zetasizer Nano series (Malvern 2000, Malvern Instruments
Ltd., UK) which can perform molecular weight measure-
ments using a process called static light scattering (SLS)
which is a noninvasive technique used to characterise the
molecules in a solution. Static light-scattering technique
makes use of the time-averaged intensity of scattered light
after the particles in a sample being illuminated by a
light source such as laser. The initial molecular weight of
the sample was measured. Samples were removed at each
specified time period throughout the duration of the test,
dried and tested for the molecular weight as above. The
autocatalysis rate equation is given by
lnMnt = −kt + lnMno, (5)
where,Mnt is the molecular weight after in vitro degradation
at time t,Mno is the initial molecular weight, and k is the rate
constant.
(2) Weight Loss. Three test samples were weighed prior to
placement in the physiological solution. Upon completion
of the specified time period, each sample was removed,
gently rinsed with distilled water, and dried to a constant
weight, and the weight loss was recorded. Weight loss during
investigation was determined as
Weight loss (%) =
(
Wi −Wf
)
Wi
× 100, (6)
where Wi and Wf are specimen weights before and after
soaking in PBS.
(3) Water Uptake. In order to calculate water uptake,
preweighed scaffolds specimens and thin films were removed
periodically, washed with distilled water, blotted dry on
filter paper in order to remove excess water, weighed, and
returned to the PBS. The water uptake was calculated using
the following equation:
Water uptake (%) = (Ww −Wd)
Wd
× 100, (7)
where Wd and Ww are specimen weights before and after
soaking in PBS.
2.4. Characterization of Degraded Scaffolds. The compressive
mechanical properties of the samples were determined prior
to placement of the samples in the physiological solution
(time zero). The samples were removed at each specified time
period throughout the duration of the test and retest using
the originally selected mechanical test methods and condi-
tions. Crystallinities of as-fabricated and degraded scaffolds
were also calculated as described earlier in Section 2.2. The
morphologies of the as fabricated and degraded composite
scaffolds were studied with a scanning electron microscopy
(SEM; Stereoscan 440, Cambridge) at 12 kV as described in
Section 2.2.
3. Results
3.1. Properties of PHBV and nHA/PHBV Scaffolds. It was
observed that, using freeze-drying technique, PHBV and
nHA/PHBV scaffolds of high porosity (low skeletal density)
could be fabricated from polymer solutions of different
polymer concentrations. It was also noticed that the skele-
tal density increased while porosity decreased with the
increasing polymer solution concentration. The porosity and
skeletal density of scaffolds prepared from 5% (w/v) PHBV
solution were 88% and 0.1005 (g/cm3), respectively, whereas
the porosity and skeletal density of scaffolds prepared from
10% (w/v) PHBV solution were 78% and 0.2244 (g/cm3),
respectively. The porosity decreased to 75%, and skeletal den-
sity further increased to 0.2601 (g/cm3) with the incorpora-
tion of 10wt% HA (w/w) in 10% (w/v) PHBV solution. The
effects of polymer concentration on the final microstructure,
pore sizes and porosity were also investigated (Figure 1). The
scaffolds fabricated from 5% (w/v) PHBV solution showed
weak or low polymer interconnectivity Figures 1(a) and 1(b).
On the other hand, the scaffolds produced from 10% (w/v)
PHBV solution exhibited highly anisotropic array of open
microtubule with stronger pore interconnectivity (Figures
1(c) and 1(d)). All the scaffolds exhibited open porous
morphology. For the scaffolds fabricated from 10% (w/v)
solution had uniform pore structures which had the pore
sizes ranging from 70 to 600 μm with the average pore size of
297 μm. On the other hand, nHA/PHBV composite scaffolds
had pore size range of 50–450 μm. The average pore size of
nHA/PHBV composite scaffold was 210 μm.
Figure 2(a) shows the FE-SEM micrograph of nanosized
HA. The HA nanoparticles had higher in vitro solubility
under physiological conditions which suggested the higher
bioresorbable nature [20]. The freeze-dried nHA powders
used in this investigation consisted of tiny agglomerates of
HA nanocrystallites. The particle size of the nHA powders
was found to be in the range of 20–30 nm [20]. It was
observed that at 10wt % nHA concentration, nHA particles
were distributed homogeneously within the pore walls of the
scaffolds. No significant agglomeration of HA nanoparticles
occurred within the pore walls. Figure 2(b) shows the
nHA/PHBV scaffold with the nHA content of 10wt%. The
presence of nHA in polymer pore walls was confirmed by
EDX spectrum and EDX analysis (Figure 2(c) and Table 1).
3.2. Effect of Polymer Concentration on Compressive Mechan-
ical Properties. Figure 3(a) shows the typical compressive
curves of the PHBV scaffolds made from the emulsion
concentrations of 5%, 7.5%, 10%, and 12.5% (w/v). It can
be observed from compressive curves that the compressive
properties of the PHBV scaffolds increased with the increas-
ing emulsion concentration. All the curves had three distinct
regions consisting of initial linear region followed by a long
plateau and then densification. The compressive modulus
was calculated from initial linear region. The scaffolds of
7.5% (w/v) polymer solution had the compressive modulus
of 1.1 ± 0.61MPa in the 2.5%–7.5% strain range whereas
the scaffolds of 12.5% (w/v) had the compressive modulus of
5.02 ± 1.03MPa in the same strain range (Table 2). Figure 4
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Figure 1: SEM micrographs of PHBV scaffolds fabricated by emulsion freezing/freeze-drying technique from (a) and (b) 5% PHBV
emulsion, and (c) and (d) 10% PHBV emulsion.
(a) (b)
(c)
Spectrum 1
0 2 4 6 8 10 12 14 16 18 20
Full scale 132 cts Cursor: 0 keV (keV)
Figure 2: (a) FE-SEMmicrograph of nanosized HA particles; (b) HA/PHBV composite scaffold containing 10% nHA; (c) an EDX spectrum
confirming the presence of HA nanoparticles in HA/PHBV composite scaffold.
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Figure 3: (a) Typical compressive curves of the PHBV scaffolds (1) 5%, (2) 7.5%, (3) 10%, and (4) 12.5% (w/v) polymer emulsions. (b)
Compressive modulus of PHBV scaffolds with different polymer concentration.
Table 1: Elemental analysis of HA using EDX analysis of a
HA/PHBV scaffold.
Element
Percentage of elements
Weight % Atomic %
C 61.47 61.47
O 36.71 36.71
P 0.41 0.41
Ca 1.41 1.41
Table 2: Compressive modulus of PHBV scaffolds with different
polymer concentration.
Polymer concentration Compressive modulus (MPa)
5% 0.3± 0.22
7.5% 1.1± 0.61
10% 3.0± 0.9
12.5% 5.0± 0.8
shows the effects of scaffold porosity on the compressive
modulus of the PHBV scaffolds. It was found that the
compressive modulus decreased with the increasing porosity
(Table 3).
3.3. Water Uptake. Figure 5 shows the comparison of the
water uptake curves between PHBV polymer scaffold and
10% nHA in PHBV composite scaffolds at 37◦C. It was
observed that the initial water uptake of HA-incorporated
composite scaffold was much higher than that of polymer
scaffold. Approximate equilibrium reached almost at the
same immersion time for both of the scaffolds.
3.4. Molecular Weight Change of PHBV Scaffolds. Molecular
weights of PHBV scaffolds immersed in the PBS solution
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Figure 4: Effects of scaffold porosity on the compressive properties
of the PHBV scaffolds: porosity (1) 77%, (2) 83%.
at 37◦C were measured at different time points and the
results were shown in Figure 6(a). It was observed that the
molecular weight dropped significantly from 24 weeks to
44 weeks after in vitro degradation. The average molecular
weight of as-fabricated PHBV scaffold was 229KDa. After
the scaffold immersion in PBS for 12 weeks, 14 weeks, and
44 weeks, it decreased to 212KDa, 194KDa, and 121KDa,
respectively.
Figure 6(b) represents the plot of natural logarithm of
molecular weights over degradation time for 44 weeks to
fit the autocatalysis rate equation. As can be seen from
Figure 6(b), the logarithm of molecular weight loss does not
fall linearly over 44 weeks of time. But for the initial period
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Figure 5: Comparison of water uptake between PHBV scaffolds ()
and 10% HA in PHBV composite scaffolds (•) at 37◦C.
Table 3: Compressive properties of the PHBV scaffolds with
different porosity.
Porosity Compressive yield strength Compressive modulus
77% 0.50± 0.31 4.1± 0.8
83% 0.052± 0.03 1.0± 0.6
up to 24 weeks, the decrease inmolecular weight followed the
linear trend (Figure 6(b), minigraph). Here the autocatalysis
reaction model can be applied. The slope of the straight
line or the rate constant was found to be 0.0067week−1. It
can be concluded from this result that the reaction rate is
comparatively slower.
3.5. Crystallinity Change. It was observed that after 5-
week immersion in PBS, the crystallinity of pure PHBV
scaffolds and 10% nHA/PHBV scaffolds increased by about
8% (Figure 7), which was due to the degradation of the
amorphous part of the polymers. This degradation was a
result of hydrolytic scission of polymer chains in the more
susceptible amorphous part. Moreover, the presence of nHA
could accelerate the scaffold degradation by the dissolution
of nano-HA in the scaffold matrices.
3.6. Weight Loss. Figure 8(a) shows the effect of porosity on
the weight loss of the scaffolds. It was observed that the
scaffolds having higher porosity (88%) exhibited accelerated
weight loss than that of lower porosity (78%). Figure 8(b)
displays the weight loss of the scaffold specimens of PHBV
(10% w/v) and the same composition containing 10% HA
over 8 week period of time. After six weeks, the 10%
nHA containing PHBV composite scaffold showed elevated
weight loss (approx. 18%) than polymer scaffolds (<10%).
Accelerated weight loss of nHA/PHBV composite scaffolds
was due to dissolution of HA in the scaffolds matrix.
3.7. Changes of Compressive Mechanical Properties. Mechan-
ical testing showed that compressive properties of PHBV
scaffolds decreased considerably after 20-week immersion in
PBS. Figure 9(a) shows the typical compressive stress-strain
curves as fabricated, and Figure 9(b) shows the degraded
PHBV scaffolds specimens fabricated from 10% (w/v) poly-
mer emulsion. Compressive properties were determined
from the initial linear part of the stress-strain curves.
For each specimen compressive properties decreased more
than 40% after in vitro degradation for 20 weeks at 37◦C
(Figure 9(c)).
3.8. Morphological and Microstructural Changes. Figures
10(a), 10(b), and 10(c) show the morphology of PHBV
scaffolds after in vitro degradation in PBS at 37◦C for 4 weeks
and 44 weeks. After 44 weeks, large pores were observed
in the PHBV scaffolds. Figures 10(d) and 10(e) show the
morphological change of nHA/PHBV composite scaffolds
containing 10% of HA after degradation tests. After 4 weeks
in PBS, the pore distribution was found to be more irregular,
and large pores were observed. After 44 weeks in PBS,
major morphological changes were detected for composite
scaffolds. After immersion in PBS, the pore walls were found
to be collapsed in the composite scaffolds, which were not
observed in the pure PHBV scaffolds.
4. Discussion
Polymer scaffolds prepared from the optimum parameters
exhibited >70% porosity and better handling properties.
The optimum parameters were polymer concentration,
10% (w/v); solvent to water phase ratio, 1 : 1 or the volume
fraction of water phase φ = 0.5; amount of HA, 10%
(w/w); homogenizer speed, 17,500 rpm; freezer temperature,
−35◦C. The pore size ranged from several microns to few
hundred microns, and they changed with the concentra-
tion of the polymer. Figure 1 shows the morphology of
PHBV scaffolds of different concentrations. Anisotropic pore
morphology with elongated pores and internal ladder-like
microstructures in the pores of scaffolds were observed.
The characteristic pore morphology obtained from emulsion
freezing/freeze-drying technique can be explained by the
phase separation and heat transfer mechanisms during
freezing and solvent removal rate by freeze-drying processes.
Incorporation of nHA did not significantly change the pore
microstructures as observed in Figure 2.
The compressive stress-strain curves had the three
regions as shown in Figure 3. It was found that they exhibit
linear elasticity at low stresses followed by a long collapse
plateau and a regime of densification in which the stress rises
steeply. It was reported that cell wall bending of the scaffolds
controls the initial linear elasticity of the scaffolds [24].
Collapse of the cells is the cause of the plateau region. The
final region of rapidly increasing stress occurs when the cells
have almost completely collapsed. In this region, opposing
cell walls touch, further strain compresses the solid itself [18,
24]. Compressive modulus is the initial slope of the stress-
strain curve. As the relative density increases, the cell walls
thicken and the pore space shrinks. Increasing the relative
density of the foam increases the modulus, raises the plateau
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Figure 6: (a) Molecular weight (KDa) change with in vitro degradation time of PHBV scaffolds. (b) A plot of ln (molecular weight, KDa)
with in vitro degradation of PHBV scaffolds for 44 weeks at 37◦C; (minigraph) plot of ln (molecular weight, KDa) and degradation time
(wk) at 37◦C for 24 weeks.
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Figure 7: Crystallinity of (a) PHBV scaffolds and (b) 10%
HA/PHBV scaffolds after (1) 0 week and (2) 5 weeks.
stress, and reduces the strain at which densification starts.
For these reasons it was found that compressive modulus
increases with increasing polymer/emulsion concentration
or decreasing porosity (Figure 4).
The degradation mechanism and rate of biodegradable
polymers can be affected by numerous factors. Among
the factors which affect degradation are molecular weight,
structure and content of comonomer unit, crystallinity,
orientation, blending, porosity, pH, temperature, and cat-
alytic molecules or ions [25]. It was also reported that
when catalytic molecules or substances such as enzymes and
alkalis are present in the degradation media or environment,
the degradation of polymer-based materials proceeds via
a surface erosion mechanism [25]. In the surface erosion
mechanism, catalytic molecules or ions act only on the
surface of materials and will not diffuse into the material.
As a result, the material is eroded from the surface while
the core part of the material remains unchanged. On the
other hand, the degradation of biodegradable polymers takes
place via a bulk erosionmechanism in the absence of catalytic
molecules or ions as in a phosphate-buffered solution. It was
also reported that the hydrolytic degradation mechanisms
depend on the thickness of biodegradable materials, and the
critical thickness above which the degradation mechanism
changes from bulk erosion to surface erosion depends on
the molecular structure of biodegradable or hydrolysable
polymers [26]. A significant weight loss can be observed at an
early stage of degradation for a surface erosion mechanism.
On the other hand, the weight loss occurs only at a late stage
of degradation for a bulk erosion mechanism when a large
decrease in molecular weight takes place and when water
soluble oligomers and monomers are formed. In order to
trace bulk erosion, molecular weight change is most effective.
On the other hand, it is quite ineffective in the case of surface
erosion [25].
Figure 6(b) shows that the autocatalytic rate equation
is not valid over 11 months of period. On the other
hand, Figure 6(b) (mini-graph) shows the plot between ln
(Molecular weight) for 24 weeks of in vitro degradation time.
During this time period, the rate equation for autocatalysis
was valid as it followed first order with the regression
coefficient r2 value being 0.99. The rate constant calculated
from the slope was relatively small. It can demonstrate that
the reaction proceeded slowly over this time period. It was
reported that the reaction constant was 0.0584week−1 for
PLGA [14]. This value was significantly greater than the
value calculated for PHBV scaffolds in this study which
was 0.0067week−1. It has been reported that surface area
and thickness of film have little effect on the rate of
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Figure 9: Comparison of compressive stress-strain curves for (a) as-fabricated and (b) a degraded (20 weeks) PHBV scaffold specimens
fabricated from 10% (w/v) PHBV emulsion. (c) Compressive properties for an as-fabricated (A) and a degraded (20 weeks) (B) PHBV
scaffold specimen.
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(a) In vitro degradation after 4 weeks (b) in vitro degradation after 44 weeks
(c) In vitro degradation after 44 weeks (High magni-
fication view)
(d) In vitro degradation after 4 weeks
(e) In vitro degradation after 44 weeks
Figure 10: SEM micrographs of PHBV scaffolds after in vitro degradation in PBS at 37◦ (a, b, and c); SEM micrographs of HA/PHBV
composite scaffolds: after in vitro degradation for 4 weeks (d) and 24 weeks (e) in PBS at 37◦.
biodegradation of PHB or PHBV. The degree of crystallinity
is the major factor which controls the hydrolysis rate [27].
The weight loss can be caused by physical disintegration
and fragmentation of scaffolds. The hydrolytic scission of
polymer backbone in the scaffolds gradually produces short-
chainmonomermolecules that absorbmore water molecules
from the aqueous medium. Figure 8(a) deals with the scaf-
folds prepared from 5% (w/v) and 10% emulsion concen-
tration. As the scaffolds porosity increases with decreasing
emulsion concentration, so it can be demonstrated that
scaffolds weight loss increases with increasing porosity of the
scaffolds. On the other hand, after certain period of time,
the dissolution rate of nanosized HA may increase which
can quicken the disintegration process (Figure 8(b)). For this
reason, the weight loss of nHA-incorporated composite scaf-
folds was faster than PHBV scaffolds. Similar observations
were obtained by several other research groups [8]. In vitro
degradation experiment of phosphate glass-reinforced PHB-
based degradable composites was studied in (PBS), and the
results showed that the mass loss and mechanical property
change could be closely correlated with the solubility rate of
the reinforcing glass [8]. It was also demonstrated that the
polymer was highly permeable.
Accelerated hydrolysis at elevated temperatures (55 and
70◦C) was also investigated [28], and it was found that a
homogeneous process was involved which had two stages.
Above 60◦C, there was no induction period, and the initial
random scission of the ester groups occurred throughout
Journal of Nanomaterials 11
the polymer (amorphous and crystalline regions) which
directed to a decrease in molecular weight but little change
in the polydispersity and almost no bulk mass loss. As the
scaffolds are intended to apply for biomedical application in
the current study, experiments were conducted mainly on
physiological temperature and condition.
It was established that the strength and stiffness of
the materials reduced on in vitro environment exposure
in PBS at 37◦C for periods up to 4 months (Figure 9).
The degradation rate was a function of composition and
processing conditions, and the materials did not show any
conclusive evidence of extensive structural breakdown in
vitro during the study period. Major morphological changes
were observed in composite scaffolds after the study period
(Figures 10(d) and 10(e)). Fabrication, characterization, and
in vitro degradation of composite scaffolds based on PHBV
and bioactive glass (BG) were performed by another research
group [29]. These results suggested that incorporation of
BG into PHBV could improve the hydrophilicity of the
composites, and the enhancement was dependent on the BG
content. In the current study, the degradation assessment
of the scaffolds was performed in PBS at 37◦C, and the
measurement of molecular weight loss of the PHBV scaffolds
showed that the degradation rate is slow. The weight
loss, crystallinity, and compressive mechanical properties of
PHBV scaffolds were also monitored and compared with that
of 10% nHA/PHBV composite scaffolds. The nanosized HA
particles in the composite scaffolds accelerated the weight
loss of the composite scaffolds due to dissolution of nHA
particles and capillary water uptake through the interfaces of
nHA particles. This process can increase the hydrolytic attack
of the polymer matrix. The increasing trend of crystallinity
of PHBV scaffolds and nHA/PHBV scaffolds was due to the
degradation of the amorphous part of the polymers. This
degradation was a result of hydrolytic scission of polymer
chains in the more susceptible amorphous part of the
scaffold matrix. The decrease in compressive properties can
emphasize the fact that degradation proceeded with random
cleavage of polymer chain backbone. The in vitro biological
evaluation study was reported separately [19].
5. Conclusions
The scaffolds fabricated using emulsion freezing/freeze-
drying technique exhibited the combined properties of high
porosity, relatively low density, and optimum pore size
distribution with good compressive mechanical properties.
PHBV and nHA/PHBV scaffolds underwent hydrolytic
degradation at 37◦C. Mass losses, molecular weight loss
of PHBV, decrease in compressive mechanical properties,
increase in polymer crystallinity, and loss of structural
integrity were observed during degradation. It was observed
that autocatalytic rate equation can be applied for first
24 weeks of in vitro degradation. Successful fabrication
of polymer and osteoconductive composite scaffolds with
controlled porosity, pore size distribution together with slow
and controlled degradation properties suggests great promise
for the bone tissue-engineering applications.
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